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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and funda-
mental data useful in the design and development of Army materiel and systems.
The handbooks are authoritative reference books of practical information and
quantitative facts helpful in the design and development of Army materiel so
that it will meet the tactical and the technical needs of the Armed Forces. The
present handbook is one of a series intended to fill a longfelt need for an au-
thoritative and comprehensive source of information on military pyrotechnics.

It is a common misconception to regard military pyrotechnics as being
synonymous with fireworks. Military pyrotechnics is rapidly developing into a
science which exploits all applicable scientific and engineering principles and
practices.

This handbook, Military Pyrotechnics, Part One, Theory ard Application,
includes a chapter on the history of the pyrotechnic art, a chapter giving a
general introduction to the application of pyrotechnic devices to military prob-
lems, and chapters on Physical-Chemical Relationships, Visibility, Production
of Heat, Production of Light, and Production of Smoke.

Material for this handbook, except for Chapter 1, was prepared by the
Denver Research Institute of the University of Denver, under the direction of
Dr. Robert W. Evans. Material for Chapter 1 History of Military Pyrotechnics,
was prepared by the McGraw-Hill Book Company Technical Writing Service.
All material was prepared for the Engineering Handbook Office of Duke Uni-
versity, prime contractor to the Army Research Office-Durham. The prepara-
tion of this handbook was under the technical guidance of an interservice com-
mittee with representation from the Army Chemical Center, Ballistic Research
Laboratories, Frankford Arsenal, Harry Diamond Laboratories and Picatinny
Arsenal of the Army Materiel Command ;the Naval Ammunition Depot (Crane),
Naval Ordnance Laboratory and the Naval Ordnance Test Station. The chair-
man of this committee was Garry Weingarten of Picatinny Arsenal.

Elements of the U. S. Army Materiel Command having need for handbooks
may submit requisitions or official requests directly to Publications and Repro-
duction Agency, Letterkenny Army Depot, Chambersburg, Pennsylvania 17201.
Contractors should submit such requisitions or requests to their contracting
officers.

Comments and suggestions on this handbook are welcome and should be ad-
dressed to Army Research Office-Durham, Box CM, Duke Station, Durham,
North Carolina 27706.
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CHAPTER 1

HISTORY OF MILITARY PYROTECHNICS

1-1 INTRODUCTION

Pyrotechnics is an old craft that has continued
to assume greater military importance. In their
simplest form, pyrotechnic devices consist of an
oxidizing agent and a fuel that produce an exo-
thermic self-sustaining reaction when heated to
ignition temperature. Man’s earliest pyrotechnic
devices may have been the result of an accidental
mixing of saltpeter (KNOjz) with charcoal; or
natural tars and resins, animal fats, volcanic dusts,
salts, sulfur, or other flammable materials.

In modern warfare, some of the important uses
for pyrotechnic devices are: as incendiaries; as
luminous sources for missile tracking; as acces-
sories in aircraft, missiles, and nuclear devices;
to produce sound signals; and to produce visible
luminous and smoke signals. Illuminating devices
are also used for photography.* Recent adaptations
include devices designed for actuation by radio
signals directed to a missile thousands of miles
from earth.

1-2 EARLY HISTORY 123567

Incendiary and colored smoke mixtures were
used for war, religious celebrations, and entertain-
ment in Arabia, China, Egypt, Greece, and India
in very ancient times. As early as 2000 B.C., tales
of war in India mention incendiarics, smoke
screens, and noxious fumes. Later, against Alex-
ander the Great (365-323 B.C.), defenders of an
Indian city were reported able to “shoot thunder
and lightning from the walls.”’ To this day, natural
deposits of saltpeter are abundant in India, and
probably served as a source of this material for
employment in the compositions making these dis-
plays possible.

Knowledge of pyrotechnics traveled from the
East to Europe at the beginning of the Christian
era. The earliest record of pyrotechnic exhibitions

in Europe mentions the Roman Circus during the
reign of Augustus (27 B.C. to 14 A.D.). Roman
use of pyrotechnics appears to have been largely
for display. Movable frameworks were fitted with
adjustable parts and designed to set in motion
various colored lights.

A military use of pyrotechnics that began early
and persisted for many centuries was the use of
fire ships in marine warfare. The earliest recorded
mention of fire ships is from the 4th century B.C.
when the Phoenician secamen of Tyra used them in
battle against Alexander the Great. Later records
show that the Greeks used them against the Turks,
the Crusaders used them at Acre, and the English,
in the 16th century, used them with success against
the Spanish Armada.

1-2.1 GREEK FIRE

One of the earliest and most successful means of
chemical warfare was the mixture known as Greek
fire, the use of which is first reported in the 7th
century, A.D. This mixture of sulfur, resin, cam-
phor, and other unknown combustible substances,
melted with saltpeter, was a powerful incendiary
that also produced suffocating fumes. It was used
in many different ways. Sometimes woolen cords
were soaked in the mixture, dried, and rolled into
balls. The balls were then lighted and hurled by
large engines at enemy ships or tents. Defenders of
cities prepared it in liquid form; poured it into
jars; then ignited the mixture and poured it upon
those besieging the city walls. In open battles,
it was squirted by hand pumps and bellows through
pipes into enemy ranks, or against wooden barri-
cades. In 901 A.D. the Saracens were reported to
have blown it from pipes mounted on the decks of
their ships. Five centuries later, in Emperor Leo’s
attack on Constantinople in 1453 A.D., 2000 enemy
ships were reported destroyed by its use.

1-1
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1-2.2 CHINESE PYROTECHNICS

Records of Chinese pyrotechnic items go back
to the 10th century. Rockets and Roman candles
are mentioned in 969 A.D. and, by the 13th cen-
tury, colored smokes for signaling, incendiary-
carrying fire arrows, and rocket-propelled arrows
were employed. The rocket-propelled arrows, fired
in clusters from metal containers, were sometimes
fitted with poisoned razor-sharp heads for attacks
from ambush and the defense of defiles. Other
Chinese weapons of this time included “flying fire
spears” equipped with tubes that threw fire for-
ward for about 30 feet. Pyrotechnic devices were
also used in defending cities—the Kin Tarters
are known to have used fire powders and other
pyrotechnic devices against a Mongol attack in
1232 A.D.

1.2.3 GUNPOWDER

The inventor of gunpowder is gencrally be-
lieved to have been the English philosopher, Friar
Roger Bacon. In 1242 A.D. he revealed the in-
gredients for black powder in defending himself
against an accusation of witchcraft. Although
Bacon knew of the explosive power of gunpowder,
he apparently did not recognize the possibility of
using it for projection of missiles.

The earliest recorded use of fircarms or of gun-
powder as a propellant is in the beginning of the
14th century. Records of the University of Ghent
in Belgium indicate that the first gun was invented
by Berthold Schwarz in 1313, and commercial
records indicate that guns and powder were ex-
ported from Gheiit to England in the following
year. Guns and gunpowder may have been used
in the English invasion of Scotland in 1327, but
the earliest undisputed record of the use of gun-
powder in war is in France at the battle of Crecy
in 1346. Gunpowder was also used as an explosive
to blast fortification walls, the first reported at-
tempts being at Pisa in 1403, and in land mines,
which were described in 1405.

‘When gunpowder began to be used as a pro-
pellant in the 14th to 15th century, the usefulness
of the incendiaries then available declined. Be-
cause of the usc of gunpowder, armies began to
engage cach other at such distances as to prohibit

1-2

the use of contact or short range incendiary de-
vices.

1-2.4 MISCELLANEOUS USES

The first recorded use of screening smoke in
more recent times occurred in 1701, when Charles
XII of Sweden burned damp straw to produce a
smoke screen to cover a river crossing. Elsewhere
in Europe at this time pyrotechnic devices were
being developed for their military value. The
French kings encouraged experiments and tests,
saw that proper records were kept, of which many
are still available, and collected information from
travelers returning from other countries. French
priests returning from China brought detailed
knowledge of the state of the art in that country.?

1-3 18TH AND 19TH CENTURIES?2356

Berthollet’s discovery of potassium chlorate in
1788 began the modern era in pyrotechnics. Po-
tassium chlorate made color effects in pyrotechnic
flames possible and the introduction of magnesium
in 1865 and aluminum in 1894 added greatly to the
variety of effects attainable.

In Europe there was also a great interest in
the use of rockets. Several types were developed,
the most successful being the Congreve rocket,
which was 30 inches long, 3V% inches in diameter,
and carried an incendiary charge. The British
used rockets with pyrotechnic compositions in a
number of campaigns. A rocket corps was part
of the British Army during the Revolutionary War,
and again during the War of 1812. The 1805 ex-
pedition of Sir Sidney Smith against Boulogne
included boats fitted for salvo firing of rockets, and
rockets were used successfully in the British attack
on Copenhagen and by Wellington’s army.

In the United States at this time, a number of
pyrotechnic devices were items of general am-
munition issue. An 1849 Ordnance manual de-
scribes signals, lights, torches, tarred links, pitched
fascines, incendiary matches, and other illumina-
tion devices. The manual also lists firestone,
Valenciennes composition, and fireballs—incendi-
aries, when projected from mortars, designed to
set fire to enemy property. Besides the Congreve
rocket, which came in 214- and 3Y4-inch sizes. The



214-inch rocket had a maximum range of 1760
yards and the 3V4-inch rocket had a somewhat
greater range. The rockets were made of sheet or
cast iron and fired from tubes mounted on portable
stands or light carriages. An 1861 Ordnance
manual lists most of the 1849 devices with more
detail and some¢ improvements. Two new items
were also listed : an incendiary projectile filling
called rockfire, which burned slowly and was hard
to extinguish. It was employed to set fire to build-
ings, ships, and flammable stores. Another new
device was the petard, a powder-filled wooden box
that was used to demolish doors, gates, barriers,
and other obstacles.

A number of gunpowder improvements were
made in the United States and Europe during the
latter half of the 19th century. After General
Thomas J. Rodman, U.S. Army, discovered the
principle of the progressive burning of propellant
powder in 1860, powder grains were made in sizes
adapted to the caliber of gun, with larger and
perforated grains used in larger weapons. The
Swedish inventor, Nobel, made many of his im-
portant discoveries at this time. In 1863 he first
manufactured nitroglycerin commercially, and dur-
ing the next twenty years invented dynamite, the
fulminate blasting cap, blasting gelatin, gelatin
dynamite, and ballistite. Another improvement
came in 1886 when Vieille, a French chemist, dis-
covered the means to colloid nitrocellulose and thus
control the grain size of the propellant powder.

1.4 EARLY 20TH CENTURY 235675910

An important pyrotechnic development carly
in this century was the tracer bullet. Tracers have
been used in all types of projectiles, but their de-
velopment has been most closely connected with
ammunition for automatic small arms. Tracers
were the best devices for directing automatic small
arms fire against fast moving ground targets. In
this country, research and development of small
arms tracers was carried out at Frankford Arsenal.
The U. S. Navy and Picatinny Arsenal also con-
ducted tracer development for 20 mm, 40 mm, and
larger guns.

The German Navy conducted fleet maneuvers
using chemically produced screening smoke for the
first time in 1906, and later used such smoke
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screens with success at the Battle of Jutland in
1916. As a result of this success, the Allies and
the Germans developed pyrotechnic screening smoke
for use on both land and sea during World War 1.

1-4.1 WORLD WAR 1

During World War I, opposing troops in
trenches separated by short distances regularly
employed pyrotechnic devices. Illuminating pro-
jectiles were used as protection against surprisc at-
tack, and signals were used to request, adjust, or
stop artillery fire; to mark enemy and friendly
troop locations; and for emergencies on land, seca,
and in the air.

The advent of the airplane overcame the diffi-
culties of using incendiaries against distant armies.
Forerunners of today's incendiary bombs were
first dropped on London in May 1915 from Ger-
man Zeppelins, and a prototype of the portable
flamethrower was used by the Germans against the
French in April and June of that yecar, although
with little success. Later in the war, bombs con-
taining white phosphorus, thermite, and thickened .
liquid fuels were dropped from airplanes.

Before and during World War I most pyro-
technic development and manufacturing in the
United States was carried out by private contrac-
tors to the Army or Navy. The Star rifle light, the
Very pistol, position lights, and simple rockets
were the main items used. As the war continued,
the armed services began to test and develop pyro-
technic devices for special purposes.

The use of chemical agents during the war re-
sulted in the establishment of a Chemical Warfare
Service in 1918. This organization became a
permanent branch of the U.S. Army in 1920,
and in 1946 its name was changed to the U.S. Army
Chemical Corps. This technical service pursued
the development of incendiaries, screening and sig-
naling smokes, flame throwers, and toxic chemical
compounds.

Aberdeen Proving Ground in Maryland was
activated in October 1917, and by December of
that year was making acceptance tests of ammuni-
tion and other Ordnance matericl. Aberdeen rec-
ords for 1918 list tests of illuminating parachute
projectiles for the 155mm gun.

Frankford Arsenal, during the carly days of
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the war, adapted forecign pyrotechnic compositions
to small arms ammunition. Later, it developed
tracer and igniter compositions and started a well-
integrated program for standardization. These
carly tracer compositions were made by a small
batch process, wet mixed, dried, and ground to
produce a stable, uniform composition. These early
compositions were only moderately satisfactory in
that the calomel used as a flame brightener pro-
duced season cracking in brass, and also limited
the life of the composition.

During the war the Navy developed and used
3-, 4-, 5-, and 6-inch illuminating projectiles with
a projection range up to 7 miles, a major advantage
because the Star rifle light was projected to a maxi-
mum range of only 800 yards. The Navy also de-
veloped water markers for use from submarines, as
well as for dropping from aircraft. These markers
consisted of surface burning smoke and flame-pro-
ducing items, colored aerial stars, and surface
marking dyes.

142 BETWEEN THE WARS

During the period between World War 1
and World War Il, arsenals, such as Picatinny
and Frankford, and the Army Chemical Corps
carried on limited research on military applications
of pyrotechnics. Some universities also assisted
in this work.

Picatinny Arsenal, which had been established
by the Ordnance Corps in 1879 as a small powder
depot to manufacture and load munitions, began
loading propellant charges in 1896, projectiles in
1902, and propellant manufacture in 1907. In
1919, it began to develop and manufacture pyro-
technic signals, and continued the pyrotechnic
research and development effort in the period be-
tween the wars. During this time, it made con-
siderable progress in developing new smoke, flare,
tracer, and delay compositions, and began to ac-
cumulate evidence regarding the necessity for
purer ingredients, more careful control of particle
size, and improved processing methods. Other in-
vestigaticns produced techniques to measure lu-
minosity and color of pyrotechnic flames, technical
require:ivnts for specifying ingredients, and recog-
nition of the importance of avoiding moisture in
pyrotechnic comyositions, Although there had
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been little scientific testing of pyrotechnic de-
vices, the body of data that existed at Picatinny
Arsenal at the outbreak of WW I1 was of con-
siderable value in developing improved pyro-
technic items needed for the highly mobile forces
of that war.

Aberdeen Proving Ground added development
testing to its proof testing in the 1920’s. In 1921
development tests were reported on green, yellow,
and white smokes, and two years later tests of long
burning white parachute signals were condueted.

About 1933, Frankford Arsenal refined the
process of making tracer compositions so that only
the calcium resinate and the hygroscopic strontium
peroxide were wet mixed. Since then, streamlining
of the process has continued and now all ingredi-
ents in the tracer niix are purchased in the required
granulation, blended dry, and charged into bullet
cavities under high pressures. In 1936 Frankford
began developing delay action and dim igniters,
some of which are now standard compositions. Just
before the Tlnited States entered World War II,
Frankford greatly improved incendiary mixture
IM-11. This standard incendiary mixture, which
was originally developed by Picatinny Arsenal,
was quickly adopted by the British and was used
by American forces in all small arms incendiary
bullets during World War 11.

The Navy pyrotechnic development between the
wars was centered at the U.S. Navy Yard in
Washington, D. C. Production was carried out at
the Naval Ordnance Plant at Baldwin, New York.
For a time its one product was illuminating pro-
jectiles, but in 1930 production of aircraft para-
chute flares was also added. Also, by 1933 the
Experimental Ammunition Unit of the Naval Gun
Factory had developed a number of pyrotechnic
items including emergency identification signals,
aircraft signal cartridges, and ammunition tracers.

1-4.3 WORLD WAR II

In 1940, and later with the entry of the United
States into World War II, pyrotechnic items such
as flares, illuminating projectiles, smoke signals,
spotting charges, many types of ground and air-
craft signals, and incendiaries were needed in
enormous quantities.

Flares were widely used to illuminate landing



fields at night, in rain, and in fog. They were
dropped from aircraft to illuminate enemy terri-
tory; to silhouette ships for observation; and to
locate targets for bombing. Photoflash bombs il-
luminated large arcas for night photography.

Smoke screens were used by land and sea forces
for a variety of purposes: aircraft and smoke boats
screened ships during air attacks and amphibious
landings, concealed underwater demolition teams
and tactical mancuvers of ground troops.

By the end of the war pyrotechnics provided
visual communication both day and night between
planes and tanks, tanks and artillery, infantry
and aircraft, and ships and the shore.

Incendiary bullets, bombs, projectiles, and
grenades were widely used in Europe. Allied tac-
tics in bombing German citiecs employed cqual
quantities of incendiaries and high explosives, On
a weight basis, the incendiary bombs caused five
times more damage than high explosive bombs. The
central parts of more than 50 of Germany’s largest
citiecs were leveled by fire. Before nuclear weapons
were used fifty percent of 70 Japanese cities had
been burned. More than 99 percent of the total
bomb load dropped on Japancse cities was in-
cendiary, with less than 1 percent high explosive.
During the war, hundreds of millions of incendiary
bombs, projectiles, and grenades were provided by
the Chemical Warfare Service—over 48 million
incendiary bombs alone were supplied to the U.S.
Army Air Force.

Flame throwers, which had been developed
during World War I, were improved and used with
success in the campaigns in the Pacific areas during
World War II.

Picatinny Arsenal developed many improved
pyrotechnic items to meet the military change
from trench warfare, which had existed in World
War I, to the highly specialized mobile forces
of World War 11. Pyrotechnic ammunition for
military maneuvers and means for providing visual
communication among the various elements in-
volved were essential. More efficient flares, flash
charges, and a variety of spotting charges, signals,
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tracers, and troop warning devices were developed
to meet the new tactical requirements. New in-
gredients such as atomized magnesium, resins, color
intensifiers, and others were tested and adopted ;
improved techniques to measure luminosity and
color, such as the barrier-layer cell photometer,
were introduced.

The Ballistic Research Laboratories had been
established in 1938 to centralize research activities
at Aberdeen Proving Ground and to undertake re-
search in fundamental Ordnance problems. With
completion of a new laboratory in 1941, basic
studies were begun in areas pertinent to pyrotech-
nics such as flame propagation, burning rates, sen-
sitivity of pyrotechnic compounds, and the physical
chemistry of gases.

Naval pyrotechnics development during World
War II was centered at the Naval Ordnance
Laboratory, then located at the Naval Gun Factory,
Washington, D. C., and production was centered
at the Naval Ammunition Depot, Crane, Indiana.
The Navy improved existing items for greater re-
liability and storage characteristics, and developed
such items as chemical delay powders, self-releas-
ing buoyant submarine signals, rescue flares, depth
charge markers, aircraft signal cartridges, and
parachute flares.

1-5 POST WORLD WAR II PERIOD*%12

Funds for resecarch and development of pyro-
technic items were limited in the period following
World War II; however, significant advances were
accomplished which made available improved pyro-
technic devices, signals, smokes, incendiaries, and
battlefield illuminants when the Korcan Conflict
developed in the early 1950°s.

Most pyrotechnic research and development to-
day is carried out by the Government at Picatinny
Arsenal, Aberdeen Proving Ground, Frankford
Arsenal, the Army Chemical R&D Laboratorics,
the Naval Ordnance Laboratory, the Naval Ord-
nance Test Station, the Naval Ammunition Depot,
and by Government-sponsored agencics.
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CHAPTER 2

INTRODUCTION TO MILITARY PYROTECHNICS

2-1 INTRODUCTION

Modern military pyrotechnics as an outgrowth
of “Greek Fire” and the “art of making fire-
works” has progressed to the extent where pyro-
technic devices and systems in both offensive and
defensive military operations have become indis-
pensable. It has developed into a science requir-
ing extensive and intensive basic and applied re-
search to meet new conventional and unique mili-
tary and space requirements.

The early modest state of progress was changed
considerably, however, when military operations
became mechanized with the development of the
tank, the bombing plane, the submarine, long-range
artillery, the aircraft carrier, other vehicles, and
weapons ; and the introduction of combined opera-
tions. To coordinate all these forces and to pro-
vide for visual communications between plane and
tank, tank and artillery, infantry and air force,
both day and night, the development of pyrotechnic
ammunition for these purposes was absolutely
essential. Increased use of aircraft for bombing
and observation purposes required the use of flares
and photoflash bombs which could be released from
rapidly moving planes to illuminate enemy terri-
tory for night photography and observation and to
locate targets for bombing.

A variety of smoke signals, spotting charges,
bombardment flares, illuminating shells, ground and
aircraft signals had to be developed to satisfy new
tactical requirements. New demands for signaling
capability required the development of improved
colored smokes and signals.

For submarine identification and air-sea rescue
opcrations, seca water activated, battery-operated,
floating marking signals were developed with good
life and stability. Many types of simulators for
land and sca troop training were also developed
and became an indispensable aid in these opera-
tions.

With the advent of the space age, pyrotechnic
devices have become increasingly important. They
are used extensively for spotting and tracking
rockets and missiles, for recovery operations, and
for special purpose countermeasures. To meet the
requirements for these applications, it has been
necessary to investigate pyrotechnic reactions un-
der conditions of low pressure, low temperature,
greatly reduced quantities of atmospheric oxygen,
varied degrees of confinement, and with different
types of initiating systems.

Basic studies have been undertaken to attain
a fundamental understanding of the preignition,
ignition, and self-propagative reactions of pyro-
technic ingredients. Theories have been developed
which are used as a guide for formulating flame
compositions burning cigarette-fashion, with spe-
cific burning rate requirements. Theoretical and
empirical relationships have been developed to
predict the rates of propagative burning of slow-
burning pyrotechnics as a function of particle size
and composition. Instrumentation has been de-
veloped to evaluate luminous intensity and colors
of pyrotechnic flames, luminous intensity and dura-
tion of flashes, color of smoke clouds, and improved
output of pyrotechnic flares. Laboratory studies
include use of thermal analytical techniques, spec-
trophotometric and chromatographic analyses.

To continue to meet new challenges, principles
and theories of engineering and science must be ex-
ploited and put to practice. Only when this is done
will it be possible to elucidate reaction mechanisms,
performance of pyrotechnic devices and to de-
velop superior compositions and items,12%4538

2-1.1 PYROTECHNIC DEVICES
AND USES%287.9.10
The terminal effect of military pyrotechnic
items such as light, heat, smoke or sound results
from an exothermic oxidation—reduced chemical
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TABLE 2-1
TABULATION OF PYROTECHNIC DEVICES

8.

2-2

. Plares

. Reconnaissance

. Observation
Bombardment

. Deplaning and emplaning of troops and materiel
Prevention of enemy infiltration or reconnaissance
Target identification

. Battlefield illumination

. Marking targets and bomb release lines

. Emergency airstrip location and identification

. Decoys

. Missile tracking

e e 0RO Q0 TR

Signals

Between various elements of ground troops

Between ground troops and planes, or vice versa

Between planes in the air

. Search and rescuc operations (locate survivors)

Submarine to surface or air

Precision location of point or time in space for assessment of missile
function

g. Establishment of points on a trajectory

Colored and White Smokes

For daytime signaling

For screening

For spotting

. For marking targets

Thermal attenuating screen
Dissemination of chemical agents
. Tracking and acquisition

. Rescue

oo

S0 0 o6 o

Tracers

a. To trace trajectories of projectiles or rockets

b. For self-destruction of ammunition after a definite time interval
Incendiaries

a. For use against ground targets

b. For usc against aircraft targets

¢. For emergency document and equipment destruction
Pyrotechnic Delays

Time delay for explosive trains

. Photoflash Bombs and Cartridges

Aerial night photography
Spotting and Tracking
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TABLE 2-1 (cont’d)

9. Atmosphere and Space Xtudies

10. Simulated Ammunition for Troop Traiming

11. Rocket Igniters

12. Fuel Igniters for Ramjet Engines and Guided Missiles

13. Aircraft Engine Igniters
14. Water Markers

15. Heat Sources

16. Spectal Devices

reaction within a mixture of a fuel and an oxidant.
Additives or modifiers may be included to produce
more saturated colored flames, to adjust burning
rates, to produce colored smoke clouds, and to
increase storage life and processing safety.

Pyrotechnic devices are employed in such a
large variety of munitions that classification is
difficult. These devices are, however, tabulated,
with their principal uses, in Table 2-1.

2-1.2 CHARACTERISTICS OF PYROTECHNIC
COMPOSITIONS!246.7

The applicability of a specific pyrotechnic mix-
ture for a particular application is governed by
many * ‘yardsticks.”’ Consideration must be given,
not only to the terminal effectiveness and output
desired, but also to overall performance and re-
producibility, and processing and storage char-
acteristics. Precise and analytical determination
of the various parameters involved requires con-
tinued rescarch to develop improved evaluative
methods.

The more important characteristics of pyro-
technic compositions used for military purposes
may be stated as follows:

2-1.2.1 Performance Characteristics

a. Heat of reaction. cal/gm or cal/ce. May be
used as a basic criterion for selection of fuel-oxi-
dizer combinations.

b. Burning rate. inches/second, inches per
minute, seconds/inch. Applied to consolidated mix-
tures and measured as a linear rate.

c. Luminous intensity. candela or candlepower.
Visible output or illumination in candela.

d. Color value. The color quality of a colored
pyrotechnic flame taken as the ratio of the apparent

luminous intensity through an appropriate colored
filter to the total luminous intensity.

¢. Visibility. Applied to illuminating and sig-
nal devices; measured in terms of brightness and
other qualities.

f. Efficiency. Relates the output to the original
weight or volume of compositions ; for illuminating
or signaling it is expressed as candle/seconds per
gram or per milliliter ; for smoke-producing devices
efficiency is considered to be the percent of chem-
ical vaporized hased either on the weight of chem-
ical originally contained or on the total weight of
munition, depending on the requirements of the
evaluator.

g. Color and volume of smoke. Compared to
standard charts or by observers’ ability to detect
and recognize, at prescribed distances, the color
and the total obscuring power (TOP).

2-1.2.2 Processing and Sensitivity Characteristics

Information on the processing, storage, ship-
ping. and sensitivity characteristics of pyrotechnic
compositions can be found in Part Two of this
seriecs, AMCP 706-186.

2-1.2.3 General Functioning Characteristics

a. Ignitibility. The ease with which a pyro-
technic composition ignites, determined by standard
time-to-ignition tests described in Part Two of this
series, AMCP 706-186.

b. Hygroscopicity. The case with which a com-
position picks up moisture at a preselected tem-
perature and relative humidity.

¢. Reaction characteristics. Fundamentally im-
portant arc the heat of reaction and rate of reaction
of a pyrotechnic composition. To make a consoli-
dated composition burn propagatively, sufficient
heat must be evolved and the rate of reaction must
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be of sufficient magnitude to more than compen-
sate for heat losses.

In addition to the heat of reaction and the rate
of reaction, display characteristics are influenced
by many other factors. Some of the more impor-
tant include :

. Granulation or particle size of ingredients
. Composition of ingredients

. Purity of ingredients

. Burning surface area

Heat transfer characteristics

. Flare case material and configuration

. Loading pressure

. Presence of moisture

Degree of confinement

10. Ambient temperature and pressure

11. Method of ignition

12. Length-to-diameter ratio

13. Method and energy of dissemination

14. Bomb burster geometry

15. Velocity, acceleration and aerodynamics of
device

_\ooo\lc\yn-hu“,_.

The importance of a particular influential fac-
tor may vary considerably with the application.
Factors such as the average particle diameter, spe-
cific surface, shape, and distribution will affect the
burning rate of consolidated pyrotechnic mixtures.
Changes in the general characteristics of the flare
case and the area of the burning surface combine
to influence the output of flame producing items.
With pyrotechnic delay compositions, the burning
rate is of primary significance and may be varied
by changes in the percentages and particle size of
the ingredients in the composition, incorporating
additives, varying the compaction, and by other
means. Nonconsolidated pyrotechnic photoflash
mixtures used in flash items are influenced by the
method of ignition, ratio of length to diameter,
burster geometry, and degree of confinement.

In addition, there are many other factors pe-
culiar to the specific item under consideration that
may cxert varying influences on performance. In
the design and development of new pyrotechnic
munitions, a fresh approach should always be con-
sidered, using the data available on existing de-
vices only as a guideline.

24

2-1.3 Constituents in Pyrotechnic
Compositions’ 487

The constituents upon which the performance
of pyrotechnic compositions and devices is depen-
dent include a basic fuel and oxidizer combination
with other ingredients. These may consist of
dyes, color intensifiers, retardants, binding agents,
water-proofing agents, and substances to create a
specific effect.

Typical ingredients in each of these categories
are :

1. Oxidizing Agents. Nitrates, perchlorates, per-
oxides, oxides, chromates and chlorates. These are
all substances in which oxygen is available at the
high temperatures of the chemical reaction in-
volved. 1In addition, fluorinating agents such as
Teflon and Kel-F are finding use as oxidizing
agents.

2. Fuels. Metal powders, metal hydrides, red
phosphorus, sitlfur, charcoal, boron, silicon, sili-
cides. When these substances are finely powdered,
they readily undergo an exothermal oxidation with
the formation of corresponding oxides and the evo-
lution of heat and radiant energy.

3. Color Intensifiers. Highly chlorinated or-
ganic compounds, such as hexachloroethane
((".Clg), hexachlorobenzene (CyCls), polyvinyl-
chloride, and dechlorane (C;oCl;2). These com-
pounds are utilized to produce specific spectral
emitters in pyrotechnic flames.

4. Retardants. Inorganic salts, plastics, resins,
waxes, oils. These are used to slow down the reac-
tions between the oxidizing agent and the powdered
metal to produce the desired burning rate. Some
behave merely as inert diluents while others par-
ticipate in the reaction at a much slower rate than
the main constituents.

5. Binding Agents. Resins, waxes, plastics, oils.
These are added to prevent segregation and to ob-
tain more uniformly blended compositions. In ad-
dition, they serve to make finely-divided particles
adhere to each other when compressed into pyro-
technic items and help to obtain maximum density
and burning efficiency. Binders also frequently
desensitize mixtures which are otherwise sensitive
to impact, friction and static electricity.

6. Waterproofing Agents. Resins, waxes, plas-
tics, oils. dichromating solutions. These are used
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TABLE 2-2
COMPARISON OF SOME PROPERTIES OF PYROTECHNIC
COMPOSITIONS WITH EXPLOSIVES

E Impact
L& ] g =T -

5 83 Bz Fz.i g% ¢ i

—_— o] - @

Composition s 3 2E8B% EEG5 mép A5 A4
PYROTECHNIC :

Delay

Barium chromate 90

Boron 10 480 13 0 650 — 12

Delay

Barium chromate 60

Zirconium-nickel alloy 26

Potassium perchlorate 14 497 12 0 485 56 23

Flare

Sodium nitrate 38

Magnesium 50

Laminae 5] 1456 74 8 640 60 19

Smoke

Zinc 69

Potassium perchlorate 19

Hexachlorobenzene 12 616 62 8 475 23 15

Photoflash

Barium nitrate 30

Aluminum 40

Potassium perchlorate 30 2147 15 7 700 100 26
HIGH EXPLOSIVE :

TNT 1060 1000 48 475 100 14

RDX 1240 600 60 260 13 5

BLACK POWDER 684 272 8 288 32 16

* 5-second value

as protective coatings on metals such as magnesium,
aluminum and zirconium-nickel alloys to reduce
their reaction to atmospheric moisture.

7. Dyes for Smokes. Azo and anthraquinone
dyes. These dyes provide the color for smokes used
for signaling, marking, and spotting.

Many of the above substances perform more

** Bureau of Mines

e

Picatinny Arsenal

than one function, thus simplifying the composition
of some pyrotechnic mixtures.

2-1.4 Comparison of Pyrotechnic Mixtures
and Explosives?2610

Pyrotechnic mixtures can be devised to produce
as little as 200 calories per gram of mixture or in

2-5
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excess of 2000 calories per gram. Reaction tem-
peratures exceed 3000°K in some cases.

Such amounts of energy and the high tempera-
tures attained can be extremely dangerous. In gen-
eral, because the quantity of gas produced is less,
and the release of energy is at a lower rate, the
terminal effects produced by pyrotechnic composi-
tions are less severe than those produced by high

explosives.

A comparison of some of the more important
properties of pyrotechnic compositions and ex-
plosives is given in Table 2-2. As indicated in this
table, pyrotechnic compositions, in general, are not
as sensitive to heat as explosives. Impact values
listed indicate that some pyrotechnic compositions
arc at least as sensitive to shock as explosives.
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CHAPTER 3

PHYSICAL-CHEMICAL RELATIONSHIPS

The output characteristics of a pyrotechnic
munition are determined, to a large extent, by the
temperatures to which the reaction products are
heated as a result of the chemical reaction between
the fuel and oxidizer. The maximum temperature
of the reaction products depends on: (1)the state
of the products at the reaction temperature, (2)
the heat evolved by the exothermal chemical reac-
tion, and (3) the rate of heat production and heat
loss. Physical-chemical relationships allow the
state of the products, the energy released, and the
maximum reaction temperature to be calculated.
The rate of heat production and heat loss, which
are influenced by the ambient temperature and
pressure, confinement, and many other inter-re-
lated factors, can also be calculated for certain
simple cases. However, for most recactions, these
quantities must be determined experimentally.

The physical-chemical relationships which are
applicable to pyrotechnics are summarized in this
chapter, and pertinent examples are given to il-
lustrate their application.

3-1 STATE OF A SYSTEM

The state of any system (gas, liquid, or solid)
can be described by specifying a sufficient number
of its propertics such as mass, volume, temperature,
and pressure. These properties are classified as:
(1)extensive properties which depend on the size
of the system, and (2) intensive properties which
are independent of the size of the system. It is
unnccessary to specify all the properties of a sys-
tem in order to characterize its state; two indepen-
dent variables, commonly the intensive variables of
pressure and temperature, are sufficient for a given
amountof pure substance. A mathematical expres-
sion for this relationship is an equation of state
which, for one mole of a pure substance with vol-
ume as the dependent variable, has the form:

V=T, p) (3-1)

Similar expressions can be written with T and p as
the dependent variable. If a system has n com-
ponents, n-1 composition variables must be speci-
fied.

3-1.1 THE GASEOUS STATE

The gascous state is characterized by changes
in volume with changes in temperature and pres-
surec. Gases normally have no bounding surface
and, therefore, tend to completely fill any avail-
able space. A knowledge of the behavior of gases
with changes in temperature and pressure is es-
sential because of the importance of the gascous
state at the high temperatures involved in pyro-
chemical reactions.

Gaseous products formed in the combustion of
many pyrotechnic mixtures may range from es-
sentially zero, for most thermites and some types
of delay mixtures, to 15 to 20 percent for light-
producing compositions, to 50 percent for some
smoke-producing mixtures. At the high tempera-
tures produced by the burning of pyrotechnic
compositions, many substances not usually con-
sidered gaseous will exist in the gaseous state.
The formation of gas, both as a permanent product
and as an intermediate product which exists only
during the reaction, is indicated in light-produc-
ing mixtures by the presence of a flame. Gaseous
combustion products are necessary in smoke-pro-
ducing mixtures to aid in the formation of dis-
persed, particulate matter and to carry this matter
into the atmosphere.

3-1.1.1 Ideal Gases

The behavior of gases at low pressures and
high temperatures is often approximated by an
equation of state known as the ideal gas law:

¥

pv — nRT :TVRT (3-2)

where p is the pressure, v is the volume, 7 is the

3-1
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number of moles, R is the universal gas constant,
T is the absolute temperature, W is the weight of
gas, and M is the molecular weight of the gas, us-
ing any set of consistent units. The density d of
an ideal gas at various temperatures and pressures
is :

w pM

d= =R (3-3)

The ideal gas law applies, strictly, to a hypo-
thetical gas, which is composed of mass points be-
tween which no forces are acting. At the high
temperatures and relatively low pressures pro-
duced by burning unconfined pyrotechnic com-
positions, the ideal gas law is fairly accurate. At
the higher pressures which may be produced when
a confined pyrotechnic composition is burned, the
behavior may deviate appreciably from that of an
ideal gas.

3-1.1.2 The Universal Gas Constant and Standard
Conditions
It has been determined that one mole of an
ideal gas occupies 22.414 liters at 273.16°K and
one atmosphere. Then, from Equation 3-2 :

pr (1X22.414) liter-atm
— £ _ = 0.08205 -2
R= (273.16) °K mole
(3-4)

The universal gas constant R has the units of
energy per degree-per mole. It may be calculated
from Equation 3-4 for one mole of gas at standard
conditions. The value of R must be consistent with
the units of pressure, temperature, and volume
used in the ideal gas law. Some values of R in-
clude :

Value Units
liter atmospheres
0.08205 -
gram mole degree Kelvin
. o £
10.73 psia cubic feet .
pound mole degree Rankine
1987 calories .
gram mole degree Kelvin
1.987 BTU

pound mole degree Rankine

In some references, including many of those deal-
ing with rocket propulsion, a gas constant R’ may

3-2

be given in weight units of a particular gas in-
stead of in moles. In this case:

R

R:ﬁ

(3-5)
where M is the molecular weight of the gas, and B
is the universal gas constant.

3-1.1.3 Reml Gases

In a real gas, the forces acting between the
molecules as well as the volume of the molecules
cause deviations from ideal behavior. Several equa-
tions of state have been proposed to more closcly
approximate the behavior of real gases. Some of
these cqnations of state include:

Van der Waal’s Equation

(p+ n2a> (W— ab) = «RT

Ve (3'6)

where a is a correction for the forces between mole-
cules of a real gas, and b, termed the co-volume,
is a correction for the volume of the molecule.
The units used for a and » must be consistent with
those used for the other variables.

Abel's Equation .

(p) (¢ —nb)=nRT (3-7)

where b is the correction for the volume of the
molecules. This equation, which is a modification
of Van der Waal’s Equation, applicable where the
pressure is high, has been quite widely used for
calculations involving explosives and propellants.

Viriel Equation :
po :'nRT(l + -f—+ % +> (3-8)

where the coefTicients B, C, etc., vary with tem-
perature and are called the second, third, etc.,
virial coefficients. This particular equation is a
very general equation of state for real gases. By
using cenough terms, the values calculated from
the above equation can be made to agree with ex-
perimental data as closely as desired.

Compressibility Factor
The deviation of a gas from ideal behavior can also

be expressed by the use of a compressibility factor
K where :
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Figure 3-1. Compressibility Factors as a Function of Reduced Pressure

K - —-g,L
nRT (3-9)
or, in terms of reduced variables:
v,
K = (Constant) (p_;_) (3-10)

in which a reduced variable is the variable divided
by its value at the critical point, i.e.:

L= (p/pr)_‘ Tr = (T/Tt), and V, - IY/VC (3'11)

The critical point is defined when the proper-
ties of a liquid and gas phase which are in equi-
librium become identical. The p, », and T quan-
tities, associated with this critical point, are de-
fined as p.. 1 and T.. Therefore, as predicted by
the law of corresponding states, if K is plotted
against p, at a given T,, a single curve will result
for all gases as shown in Figure 3-1. The com-
pressibility factor estimated from these curves

allows a value for any one of the three variables
p, v, and T to be calculated in terms of the other
variables with a fair degree of accuracy. The com-
pressibility factor can be determined experi-
mentally or by calenlation using a suitable equa-
tion of state.

3-11.4 Gas Mixtures

Gas mixtures are normally treated by Dalton's
Law, ie.,

”
pom =1 Fp T =8p, (312
i=1
where the partial pressure p; of each of the com-
ponents is defined as the pressure which would be
exerted if it occupied the total volume at the same
temperature. Gas mixtures can also be treated by
the Amagat additive volume law :

3-3



AMCP 706-185

n
Vtatqr == V1 - V2 ... =Zv
i=1

(3-13)

where the volumes of the individual components
v1, ¥e, Ctc., are the volume each would occupy at
the (total) pressure and temperature of the mix-
ture. For ideal gas mixtures, the results obtained
with this equation will be the same as those ob-
tained by use of the additive pressure law. The

application of both of these laws to real gas mix-
tures is somewhat more difficult.!

3-1.1.5 Sample Calculations
Example One: Analysis of the product gases

produced by a burning fuel block composition,
containing ammonium nitrate and charcoal, indi-
cates that the reaction taking place could be repre-
sented by the overall reaction:

6NH,NO3z(s) 4 4C(s) — 11H,0(g) 4 CO(g) + 3CO02(g) + 6N2(g) 4+ Ha(g)

(a) The volume of gas produced per gram of mix-
ture burned at standard temperature and pressure
can be calculated from the above reaction and the
ideal gas law. The reaction produces 22 moles of
product gases from 6 moles of NHNOsz (480
grams) plus 4 moles of charcoal (48 grams) or a
total of 528 grams of fuel block.

Moles of gas per gram of fuel block burned:

22

—=—0.041 moles per gram
528 pet 8

Volume of gas produced (STP) per gram of
fuel block burned is:

aRT _ (0.041)(0.082)(273)

p 1
= 0.918 liters per gram

V=

(b) Since the actual temperature of the product
gases is 1000°C, the calculated volume at this tem-
perature and one atmosphere would be considerably
greater :
Vi000°c= %(0.918): 4.28 liters per gram
(¢) The partial pressure of one of the gaseous
products may be found by using the ideal gas law
and moles of the component desired and the total
volume for n and V. The partial pressure of carbon
dioxide would be calculated as follows :
RT
P002 = "CL —
Vtutal

= 0.14 atmosphere

(3/528) (0.082) (273)
0.918

Since the partial pressure is proportional to the
mole fraction of each gaseous component, a simpler
method would be:

Molesco2

Poop,— —— "2 (P
00y Moleswm, ( tutal)

= 3/22 (1) = 0.14 atmosphere

Example Two: A cylinder having a volume of
one liter is pressurized to 200 atmospheres with
carbon dioxide at a temperature of 40°C. The
amount of carbon dioxide can be calculated by:

(a) Assuming carbon dioxide behaves as an ideal
gas :

poM__ (200) (1) (44)
BT — (0.082)(313)

— 343 grams

(b) Assuming that carbon dioxide bechaves as a
Van der Waal’s gas:

[ G][ 3]+

For CO,, a= 3.59 liters? atm mole—2; & = 0.0427

liter mole-?
[200+ (_4%_)@_@ 1— (Tu;) (0.0427>]

(1)?
W

Solving cubic equation in w : w = 625 grams
(e) Use of the generalized compressibility chart,
Figure 3-1:

Critical pressure carbon dioxide = 72.9 atmospheres
Critical temperature carbon dioxide =— 304.2°K
200

20 175
Pr="29



313
= ———=1.03
T 304.2
From Figure 3-1, K = 0.42
_ poM ___ (200)(1)(44)

KRT — (0.42) (0.082)(313) — 008 grams

The experimentally determined value is 835 grams.

3-1.2 THE LIQUID STATE

A liquid, like a gas, has no definite shape and,
hence, takes the shape of the vessel in which it is
placed. The surface of a liquid, in the absence of
other forces, will tend to contract to a minimum
area and is responsible for many of its characteris-
tic properties. The molecules of a liquid are less
mobile than those in gases but more mobile than
those in solids.

In pyrotechnic reactions, liquids are formed
by the melting of solids and condensation of vapors.
Liquid fuels must be vaporized before sustained
combustion will take place. The burning of many
solid fuels, including most of the metal fuels, in-
volves the formation and vaporization of a liquid
phase as a step in the combustion process.

3-1.2.1 Vapor Pressure

The pressure exerted by a vapor, in equilibrium
with a liquid, is the vapor pressure of the liquid.
The vapor pressure increases with temperature
until the critical temperature is reached above
which the liquid cannot exist. The vapor pressure
at the critical temperature is termed the critical
pressure. The increase in vapor pressure with tem-
perature can be approximated by the empirical
equation :2

—0.05223a

r— o (3-14)

logp =
where p is the vapor pressure in milimeters of mer-
cury, T is the absolute temperature °K, and @ and
b are empirically determined constants for each
liquid. For example, aluminum oxide in the tem-
perature range 1840°C to 2200°C has constants of
540,000 and 14.22 for a and b, respectively. At
2100°C, the vapor pressure of the liquid would be:
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— 0.05223 (540,000)
: 14.
2373 22

logp =

logp =232
p —= 210 mm mercury

The vapor pressure of small droplets, such as
mist droplets, is higher than the bulk vapor pres-
sure. Ifp, is the bulk vapor pressure of the liquid,
the vapor pressure of a droplet p is given by:

2M > (3-15)

P:po(“w—m—w

where v is the surface tension, M is the molecular
weight, d is the density of the liquid, r is the radius
of the drop, F is the universal gas constant, and
T is the absolute temperature.

3-1.2.2 Boiling Point

The temperature at which the equilibrium
vapor pressure of a liquid equals the ambient pres-
sure on the surface of the liquid is known as the
boiling point. If the ambient pressure is one at-
mosphere, the temperature at which the liquid boils
is termed the normal boiling point. For many
liquids, the normal boiling point is approximately
two-thirds of the critical temperature. According
to Trouton’s Rule, the number of calories required
to vaporize one mole of many liquids, including
some of the metals, is about twenty-one times its
normal boiling temperature (degrees Kelvin). By
use of Trouton’s Rule, the heat of vaporization of
some of the metal fuels can be approximated if the
boiling temperature is known,?

Lithium has a boiling point of 1331°C (1604°K)
and its reported heat of vaporization is 32,190
calories per mole. Applying Trouton’s Rule:

AH,,, =1604(21) = 33,700 calories per mole

3-1.3 THE SOLID STATE

Solids have a fixed shape and volume with the
individual units (atoms, molecules or ions) so
firmly bound together that there is little freedom
for translational motion. Crystalline solids exhibit
orderly internal arrangements and exhibit a sharp
melting point. Crystals whose properties are dif-
ferent along different axes of the crystal are called
anisotropic: if the propertiecs arc the same, they
arc called isotropic. Amorphous solids (such as

3-5
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glass) may be regarded as super-cooled liquids of
high viscosity. They have indefinite melting points
and undefined internal arrangements.

The properties of solids are important to the
study of pyrochemical reactions, which involve
solid ingredients reacting to produce mainly solid
products. Intermediate steps in the reaction in-
volve liquid and gaseous phases: however, some
pyrochemical reactions may proceed by a solid-
solid reaction mechanism.

There are 230 possible crystal forms which can
be grouped into 32 classes which, in turn, can be
referred to one of the following six crystal systems :

1. Cubic. Three axes of equal length inter-
secting each other at right angles.

2. Tetragonal. Three axes intersecting each
other at right angles with only two of the
axes equal in length.

3. Hexagonal. Three axes of equal length in a
single plane intersecting at 60° angles, and
a fourth axis of different length and per-
pendicular to the plane of the other three.

4. Rhombic. Three axes of unequal length in-
tersecting at right angles.

5. Monoclinic. Three axes of unequal length,
two of which intersect at right angles.

6. Triclinic. Three axes of uncqual length,
none of which intersect at right angles.

The macroscopic symmetry of crystals is due
to the regularity of the arrangements of the ele-
mental particles (atoms, ions, or molecules) in a
lattice consisting of a three-dimensional repetition
of some structural unit of fixed dimensions. The
unit cell is the smallest unit of the crystal lattice
which retains all the symmetry of the macroscopic
crystal. In general, there are several possible ar-
rangements of clementary particles which will
have the symmetry associated with a given crystal
system, such as the cubic system.

There are three possible arrangements of space
lattices for the cubic system. As illustrated in
Figure 3-2 they are:

1. Simple cubic lattice. One structural unit
at each corner of the cube.

2. Face-centered cubic lattice. One unit at
each corner of the cube and one unit in the
center of each face of the cube.

[ ] * * [
[ ]
)] (2) (3)
Simple Face-centered Body-centered
cubic cubic lattice cubic lattice
1attice

Figure 3-2. Cubic lattices

3. Body-centered cubic lattice. One unit at
cach corner of the cube and one unit in the
center of the cube.

X-rays may be used to determine thé internal
structure of crystalline materials, which can be
calculated by Bragg’s Law:

nh= 2dsin ® (3-16)

where n is the order of reflection, # is the wave-
length of the X-rays, d is the distance between two
planes, and ® is the angle of reflection.

X-ray techniques are employed to identify
many solid products of combustion from pyro-
technic reactions.* This is especially useful when
analysis of a particular product’s mixture would
not be practical by wet, chemical methods and
where retention of the sample is desired.

Solids can be divided into three classes based
upon their thermal and electrical conductivities:

1. Conductors or metals which have high con-
ductivities which decrease with an increase
in temperature.

2. Insulators which have low conductivities.

3. Semi-conductors which have intermediate
conductivities which increase with rising
temperature, usually as e~4/T where A is
a constant and T is the absolute temperature.

The thermal and electrical conductivity of pyro-
technic ingredients may be contributing factors
affecting the performance of a particular item.
The thermal conductivity, which is of greater
significance, influences the conductive heat trans-
fer characteristics. These properties become very
important in devices dependent on a functional
transfer of heat such as a ‘‘pyro-switeh.”” Such
devices may be normally closed or normally open



and will either be conducting or nonconducting fol-
lowing the pyrotechnic reaction.

The properties of solids are markedly affected
by defects® in crystal structure. Small amounts of
impurities in an insulating material may make the
material a semi-conductor. Such doped materials
may also exhibit enhanced chemical activities. De-
parture of a crystalline compound from chemical
stoichiometry, due to incorporation of ¢xtra atoms
into the crystal at interstitial sites or to vacancies
caused by the absence of atoms from normal sites,
also results in semi-conductivity.

Point defects, including those in which an ion
moves from its lattice site to an interstitial posi-
tion (Frenkel defect), or those in which a pair of
ions of opposite charge are missing from their lat-
tice site (Schottky defect), do not alter the exact
stoichiometry of the solid but do provide a means
by which atoms can move in the solid phase. Linear
defects, dislocations, provide another means for
atoms to move with respect to cach other in the solid
phase. These defects provide mechanisms for many
of the processes which occur in the solid state.
They provide sites at which chemical reactions
and physical changes can take place readily. The
point of emergence of a dislocation at the surface
is a site of increased chemical reactivity.

The presence of crystal defects in pyrotechnic
ingredients can have a marked influence on the
course of the reaction and, therefore, influence the
characteristic behavior (including stability and out-
put) of pyrotechnic compositions.

3-2 THERMODYNAMICS

Thermodynamics is the study of the quantita-
tive relationships between heat and other forms of
energy. In all cases, energy can be expressed as
the product of two factors, an intensity factor (i.e.,
temperature difference),and a capacity factor (i.c.,
heat capacity). In the reaction of a pyrotechnic
composition, the chemical energy is converted into
other forms of energy, primarily heat and work.
The products of combustion are heated to the reac-
tion temperature, and, if unconfined, work can be
done against the atmosphere.

In the following paragraphs, certain basic laws
of thermodynamics, thermochemistry, chemical
equilibrium, the concept of free energy, ctc., are
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discussed showing their application in the ficld of
pyrotechnics. Selected calculations, including those
for adiabatic flame temperatures, which are im-
portant to the overall analysis of chemical reac-
tions, arc also presented.

3-2.1 THERMODYNAMIC RELATIONSHIPS

Thermodynamics is based on three laws and the
implications derived from these laws. The applica-
tion of certain thermodynamic relationships de-
rived from the three laws is a useful tool for use
in predicting the performance and outcome of
many phpsico-chemical systems.

3-2.1.1 First Law of Thermodynamics

The first law of thermodynamics is a statement
of the law of conservation of energy, i.e., that
energy can be neither created nor destroyed.

The first law of thermodynamics can he ex-
pressed mathematically :

AE =g —w 3-17)

where ¢ is the energy in the form of heat, trans-
ferred into or out of the system; w is the energy,
in the form of work transferred to or from the
system; and AL is the change in internal energy.
If the system absorbs heat, ¢ has a positive value;
if the system does work, w has a positive value.
The value of AE depends only on the initial and
final state of the system. The quantitics ¢ and w
depend on the path taken from the initial to the
final state. For a cyclic process, i.e., a process
which has the same initial and final stage, AE = 0
so that ¢ —= w.

3-2.1.1.1 Heat Effects at Constant Volume and
Constant Pressure

The heat released by a pyrotechnic reaction can
raise the temperature of the reaction products,
cause phase changes, and cause other chemical re-
actions (such as dissociation) to take place. If a
chemical reaction or physical change takes place at
constant volume, and only pressure-volume work
is considered, the amount of work done is zero and
the heat effect accompanying the reaction is equal
to the change in internal energy.

9w =AE (3-18)
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Chemical reactions, including many pyrotechnic
reactions, and physical changes may also take place
at constant pressurc where only pressure-volume
work is considered and the heat effect is equal to
the internal energy change plus the work done in
expansion.

ap =AE Tt pAv (3-19)
In this case, it is convenient to use another thermo-
dynamic property, the enthalpy H, defined by:

H=F+4pV (3-20)
Then, for a chemical reaction or phase change oc-
curring at constant pressure, when only pressure-
volume work is considered :

AH = AE F pAv (3-21)
and the heat effect at constant pressure is equal to
the change in enthalpy:

gy = AH (3-22)

If gascous products are assumed to behave ideally:
AH = AE 4+ AnRT (3-23)

where An = Xn (products) — Zn (reactants) for
the gascous materials involved in the reaction.
Therefore, pyrotechnic reactions involving solid
reactants and the formation of gasecous products
where heat is evolved (exothermic) will have a
higher heat of reaction at constant volume, AE (q,),
than at constant pressure, AH (¢p). In the latter
case, g, is reduced by the heat equivalent of the
increased gaseous products, AnRT. These relation-
ships can be used to obtain values equivalent to the
standard heat of reaction from bomb calorimetric
measurements made at constant volume.
Pyrotechnic reactions take place under condi-
tions of cither constant volume, constant pressure,
or combinations of both. Constant volume condi-
tions occur for delay systems that are obturated,
and constant pressure systems occur for flares, sig-
nals, smokes, and the like. In photoflash items, such
as cartridges or bombs, the confined composition
functions under constant volume conditions when
initiated and it then continues to react at constant
pressure when dispersed as the case ruptures.
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3-21.1.2 Heat Capacity

The heat capacity of a system is defined as the
quantity of heat required to raise the temperature

"1°C or, expressed mathematically :

c= 99

- (3-24)

Under conditions of constant volume, dg =dE,
Equation 3-18, and the heat capacity at constant
volume is equal to the change in internal energy
with temperature, or:

oF
Co= (?T—)

While the internal energy E is a function of the
three variables T, P, and v; only two are required
to define the system. A derivative, therefore, with
respect to only one variable T is expressed as a par-

(3-25)

. OF . . .
tial derivative W) with the subscript v denoting

the variable to be held constant.

At constant pressure, the heat capacity includes
both the heat absorbed to increase the internal
energy plus the heat equivalent of the work term
p dv. Since, under these conditions, dg¢ = dH,
Equation 3-22, the heat capacity at constant pres-
sure is equal to the change in enthalpy with tem-

perature, or:
oH
C, = (_aT ),,

The heat capacity at constant pressure can be
calculated by equation of the form (either one) :
Co=a +or +ore
C,=ator ter-: (3-27)

where a, b, and c¢ are constants. This type equa-
tion applies over a more or less limited range of
temperatures and for many thermochemical cal-
culations it is more convenient to use an average
heat capacity defined by:

Ty
| car

Ty
Pore — T, — T,
When necessary, €, can be obtained by subtracting

R (the universal gas constant) from the value for
C,.

(3-26)

C (3-28)



Heat capacity values are essential for many
thermochemical calculations involving pyrotech-
nics. The temperature attained by the products of
a pyrotechnic reaction will depend, in part, on the
heat capacity of these products. Calculations of
the heat balance for a given system utilize the
heat capacity to obtain the enthalpy change in
going from one temperature and/or state to an-
other. The latest tables, however, provide enthalpy
changes directly, making it unnecessary to calcu-
late heat capacities independently.

3-2.1.1.2.1 Heat Capacity of Gases

According to the kinetic theory of gases, the
heat capacity of ideal gases, and of monotomic real
gases such as helium and argon, to relatively high
temperatures is :

C,=3/2 R =3 cal/gmole "K
€, =0, TR =5 cal/gmole °K

(3-29)
(3-30)

Diatomic real gases, including gases such as oxygen
and nitrogen, and lincar polytomic molecules have
two degrees of rotational freedom in addition to
the three degrees of freedom associated with trans-
lational motion. At normal temperatures the heat
capacitics of these gases arc approximately :

Cyo=5/2 R = 5 cal/gmole °K
Cpo=0C, +r— 7 cal/gmole "K

(3-31)
(3-32)

3-2.1.1.2.2 Heat Capacity of Liquids and Solids

According to the law of Dulong and Petit, the
molar heat capacities of solid elements (especially
the metals) C, and C, are approximately 6 calories
per gram-atom per degree-Kelvin. This is in agree-
ment with the values of 3R, i.e., 5.96 calories per
gram-atom per degree-Kelvin, suggested by kinetic
theory.

The molar heat capacities of solid compounds
can be estimated by using Kopp’s Rule which states
that the heat capacity of a solid compound is ap-
proximately equal to the sum of the heat capacities
of the constituent elements. In using this rule, the
following atomic heat capacitics are assigned to
the elements: C, 1.8; H, 2.3; B, 2.7; Si, 3.8; O,
4.0, F, 5.0; P, 5.4; S, 5.4; and all others, 6.2.

Other methods are available for estimating heat
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capacities of solids at higher temperatures.® Where
these values are not available, the room tempera-
ture value may be used in conjunction with a value
of 7.25 calories per gram-atom per degree-Kelvin
for the next transition point, assuming a linear in-
crease of €, with temperature.

The heat capacities of molten inorganic sub-
stances do not differ greatly from those of solid
materials. When handbook values are unavailable,
Kopp’s Rule may also be applied to compounds by
assigning the following values of atomic heat
capacities to the atoms of the liquid: C, 2.8; H,
4.3; B, 4.7;51,5.8.: 0,6.0; F, 7.0; P, 7.4; S, 74,
and to most other elements a value of 8.0.

Other methods for estimating heat capacities
of liquids and solids are available.® In most cases,
calculations arc unneccessary, as the values have
been experimentally determined and may be ob-
tained from handbook tabulations.

The heat capacity of liquids and solids decreases
considerably with a decrease in temperature and
is zero at absolute zero. For temperatures below
50°K, the Debye Equation applies and:

T? calorie
©3 degree-Kelvin gram-atom
(3-33)

O, = 464.5

where 7' is the absolute temperature in degrees-
Kelvin, and @ is termed the characteristic tempera-
ture and is defined by:

Jovm

6= 7

(3-34)
where h is the Planck constant, & is the Boltzmann
constant and v, is the maximum vibration fre-

quency. These values may be found in a suitable
handbook.

3-2.1.2 Second Law of Thermodynamics

The second law of thermodynamics may be ex-
pressed in many ways. A very gencral statement
is that any spontaneous change will render a sys-
tem and its surroundings closer to an ultimate state
of equilibrium from which no further change can
spontancously occur. That is, any isolated system
left unattended will change toward a condition of
maximum probability. In order to obtain a quan-
titative measure of the probability or randomness

3-f
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of a system, the concept of entropy has been estab-
lished.

The absolute entropy 8 of a substance in a par-
ticular state — under specified conditions of tem-
perature, volume and pressure and in a known state
of aggregation ; solid, liquid, or gas—is propor-

tional to the logarithm of the probability of finding
the substance in that state.

S=kin W (3-35)

where % is Boltzmann’s constant, and W is the
probability.

Entropy, like internal energy, depends only on
the initial and final states of a system and, for an
infinitesimal reversible process, is defined by the
equation :

dq(rev)

a8 = T

(3-36)
where dg(rev) is the heat absorbed from the sur-
roundings in a reversible process, i.e., a process
carried out in such a manner that it could be re-
versed by an infinitesimal change in external con-
ditions. Entropy has the same units as heat ca-
pacity, i.e., calorics per gram-atom per degree-Kel-
vin.

By using entropy, the second law can be ex-
pressed mathematically :

AS system + AS surroundings=0 (3-37)

Every spontaneous change in a system, therefore,
is in a direction such that its entropy, plus that of
its surroundings, increases. However, if the sys-
tem alone is considered, spontancity of chemical
reactions may be treated by taking two driving
forces into account; a tendency to adopt the lowest
energy and a tendency to adopt the highest en-
tropy. If the two changes are opposed, the system
will proceed in the direction of the larger change.
If the two quantities are exactly equal, no change
will occur and the system is said to be at equi-
librium. The net driving force is termed the Work
Fnnction or Helmholtz free energy A, and at con-

stant temperature:%18
AA = AE — TAS (3-38)

For a spontaneous process at constant volume and
constant temperature, AA is always negative :
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(Ad)ry <0

For pyrotechnic reactions, many of which proceed
at constant pressure and temperature, the Gibbs
free energy ¥ is a more useful function. The driv-
ing force or change in free energy is important and
is expressed by:

(3-39)

AF = AH — TAS (3-40)
In this case, the criterion of spontancity is:
(AF)zp <O (3-41)

As a consequence of Equations 3-38 and 3-40, addi-
tional statements may be made regarding the spon-
tancity of chemical reactions. These are summa-
rized in Table 3-1.

At ordinary temperatures, entropy effects are
small so they have little effect on the direction of a
chemical reaction unless the difference in energy
AE or AH between reactants and products is rela-
tively small. At higher temperatures, such as those
resulting from pyrotechnic reactions, the relative
importance of the change in entropy increases until
it becomes a dominant factor. Hence, all chemical
reactions which involve an increase in entropy will
occur spontancously if the temperature is high
enough. A discussion of free energy and the equi-
librium constant is presented in Paragraph 3-2.3.

3-2.1.3 Third Law of Thermodynamics

According to the third law of thermodynamics,
the entropy of a perfect crystalline substance at
0°K is zero. Although it is impossible theoretically
to attain absolute zero, the validity of the third law
has been checked by experimentation. It can also
be shown that the entropies of all pure chemical
compounds in their stable states at 0°K are zero
because their formation from the elements is:
AS, = 0. This law states that absolute entropies
or so-called third law entropies can be determined
from heat capacity data extrapolated to 0°K which
can be used in equilibrium calculations:

oo
Szz(f Cif—) + 520 (3a2)
T,

dT . . .
where f T Cp T the increase in entropy, is ob-
T,
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TABLE 3-1
CRITERIA OF SPONTANEITY

Conditions Type of Reaction Criteria
General Reversible Ai3 (total) =0
Spontaneous AS (total) = 0
E, v constant Reversible A8 (isolated system) = 0
Spontancous A8 (isolated system) = 0
T v constant Reversible Ad= 0
Spontancous AA <0
T, p constant Reversible AF =0
Spontancous AF <0
S, ¥ constant Reversible AE =0
Spontaneous AE <0
S, p constant Reversible A€ =0
Spontaneous AH <0

tained for each phase by graphical integration and
AH,,

—Tp—, the entropy increase due to a phase change,
is determined for each of the phase changes. The
Debye Equation (Paragraph 3-2.1.1.2.2) is used
for the temperature range 0°K to approximately
50°K as experimental data are difficult to obtain
in this temperaturc range. Absolute entropics can
also be calculated by the method of statistical
mechanics.”)

3-2.2 THERMOCHEMISTRY

Thermochemistry is the study of the heat effects
accompanying chemical reactions, the formation of
solutions, and changes in state such as fusion and
vaporization. Since the amount of heat liberated
from a pyrotechnic reaction strongly influences the
characteristic output, an understanding of the
principles and application of thermochemistry is
of vital importance.

The heat evolved (or absorbed) in a chemical
reaction dependsupon :

1. The properties of the products and reac-
tants, and the amount of these substances in-
volved.

2. The physical state of the substances in-
volved.

3. The temperature and pressure at which the
reaction takes place.

4. Whether or not the reaction is at constant
volume or constant pressure.

The specific influence of these conditions is de-
scribed in the paragraphs which follow.

3221 Heats of Reaction

The heat effect associated with a pyrotechnic
or other chemical reaction is the heat of reaction.
The heat of formation is the heat of the reaction
associated with the formation of a compound from
its elements. The heat of combustion is the heat of
the reaction associated with the complete com-
bustion of a substance in oxygen. The heat of ex-
plosion is the heat of reaction associated with the
rapid explosive decomposition of a material in an
inert atmosphere.

For pyrotechnic reactions at constant pressure,
if only pressure-volume work is considered, the
heat effect g, can be obtained from the enthalpy
change for the reaction as follows:

gy = AH (reaction) = ZH (products)
— XH (reactants) (3-40)

If the reaction is a standard state reaction,
where the reactants in their standard states react
to give the products in their standard states and
the standard heats of formation AHr° (f)of the
elements is assumed to be zero at any given tem-
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AHS%
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) (f;c,n +AH,,¢)
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’

Figure 3-3. Effect of Temperature on Enthalpy Change for Chemical Reaction

perature, then the standard heat of reaction AHr°
(reaction) is:

AH° (reaction) = AH (f)r° (products)
—AH(f)r° (reactants) (3-41)

The actual choice of standard states is somewhat
arbitrary. Normally, the standard state is the most
stable state at onc atmosphere pressure and at the
given temperature. (Most tabular data are given
at 0°K or 298°K.)

Most thermochemical calculations are based on
tabulated standard heats of formation. The heat
effect at constant pressure (gp,) can be calculated
by -

(gp)r (reaction) = AHy (reaction) ==
AH7° (reaction) (3-45)
Unless the actual pressure is high, no appreciable
error is introduced.
Similarly, the heat effect at constant volume
(g») can be obtained by:

(g»)r (reaction) = AE (reaction)

= AFEr° (reaction) = ZAE(f)r° (products)
— 2AE(f)r° (reactants) (3-46)
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3-2.2.2 Effect of Temperature on the Heat of
Reaction

As illustrated schematically in Figure 3-3, the
heat of reaction at any temperature T and constant
pressure is :

Ty
AH,° = AHp°, + % ( f C,dT +AH,,> (reactants)
T

+3 (fgpdT +AH,,<.> (products) (3-47)

Tr

where AHz° is the heat of reaction at temperature
T,AH®p is the heat of reaction at a reference tem-

Tr
perature Tz, 2 (f C,dT + AH,, > (reactants) is
T

the heat evolved or absorbed in cooling or heating
the reactants from T to Ty, including that evolved
or absorbed as a result of phase changes AH,.

T
Similarly, ( f opqurAHp,‘) (products) is the
Tw



heat absorbed or evolved in heating or cooling
the products from T'x to 7. According to Equation
3-47, if the heat evolved by cooling the reactants
from the higher to the lower temperature is greater
than the amount absorbed in heating the products
from the lower to the higher temperature, the heat
of reaction at the higher temperature will be great-
er than that at the lower temperature.

In cases where reactions begin and end at the
same temperature and where no changes in phase
are¢ involved, the standard heat of reaction at
temperature 7 is defined by:

T
{
AlL° = AH, , 7 AC,aT

Tr
where AC, = 2C, (products) — ZC, (reactants),
and H,°, is the standard heat of reaction at the
reference temperature Tp. This is known as Kirch-
hoff's Equation and, for small temperature
ranges, heat capacitics may be treated as constant
and the cquation reduces to:

AHz* = AHp° , FAC,(T-Ty)  (3-49)

For other cases, experimental heat capacity data
expressed in the form shown in Paragraph 3-2.1.1.2
must be used; however, if enthalpy tables are avail-
able, heat capacity data need not be considered as
such.

Where data are required at temperatures above
those listed, it may be necessary to extrapolate the
data to the desired temperature,

(3-48)

3-2.2.3 Enthalpy Tables

Calculations of heat of reaction at different
temperatures are simplified if tabular enthalpy data
are available. Tables 3-2 for solid magnesium ox-
ide, 3-3 for solid aluminum oxide, 3-4 and 3-5 for
solid and liquid sodium oxide, and 3-6 for gaseous
oxygen, contain these data. In these tables, stan-
dard heats of formation AH,°, at different tempera-
tures, arc tabulated. In other tables only values
for the enthalpy function, H® — Hy,°, along with
the heat of formation at some reference tempera-
ture, usually 0°K or 298.93°K are tabulated. The
heat of reaction at any temperature becomes:

AHg° = AH,, ° T S(H° —Hy, °) (products)
— 3 (H° —Hgz,°) (reactants) (3-50)
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These tables can also be used for calculations
of free energy changes for chemical reactions. This
is shown in Paragraph 3-2.3.5

3-2.2.4 Bond Energies’

Bond energy (B.E.) is defined as the average
amount of energy per mole required to break a
particular type of bond in a molecule. Bond ener-
gies may be calculated when heat of combustion
data are available. However, of greater utility is
the estimation of the heat of reaction from bond
energy data for compounds for which no enthalpy
data are available. In this case:

AH — B.E. (bonds broken) — B.E. (bonds formed)
(3-51)

Bond strengths or bond dissociation energies may
differ from mecan bond energics derived solely
from thermochemical data on molecules and atoms.

3-2.3 FREE ENERGY AND EQUILIBRIUM

A state of chemical equilibrium exists in any
chemically reacting system when no further change
in composition with time can be detected provided
the temperature and pressure are not altered. The
criterion of equilibrium is that the change in free
energy of any possible reaction under these condi-
tions shall be zero.

(AF) 1, =0 (3-52)

In order to estimate maximum flame temperatures
from pyrotechnic reactions, a knowledge of the
equilibrium concentrations of the combustion prod-
ucts is required in addition to information on the
heat released. If a state of equilibrium exists among
the product species, the equilibrium composition
for the combustion products is fixed at a given
temperature and pressure (or volume) when the
atomic composition is specified.

Pyrotechnic reactions often involve the oxida-
tion of a metal to form a refractory oxide. This
reaction limits the maximum temperature attain-
able to the vaporization temperature of the metal
oxide whether this oxide decomposes on vaporiza-
tion, or not. The metals commonly used as fuels
in pyrotechnics decompose on vaporization. In
most cases, the metal decomposes to yield metal
atoms; however, a few metal oxides, such as alam-
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TABLE 3-2
THERMODYNAMIC PROPERTIES OF SOLID MAGNESIUM OXIDE
Magnesium Oxide (MgO) (Solid) Mol, We. = 8.2

—__cal. mole-' deg.! kcal. molel
T,°K. Cs 8° —(F°-H%;0)/T - H°-H s AR AF’ Log K,
0 .000 000 INFINITE - 1.235 -142.702 -142.702 INFINITE
100 1.865 .608 12.488 - 1.188 -143.156 -140918 307961
200 6.380 3.369 7.184 - .763 -143.559 -138.501 151.340
298 8.906 6.439 6.439 .000 -143.700 -135.981 99.672
300 8.939 6.494 6.439 017 -143.701 -135.933 99.022
400 10.148 9.252 6.807 .978 -143.705 -133.340 72.850
500 10.854 11.598 7.537 2.031 -143.654 -130.755 57.150
600 11.323 13.621 8.386 3.141 -143.583 -128.181 46.688
700 11.656 15.393 9.263 4.291 -143513 -125.619 39.218
800 11.905 16.966 10.130 5.469 -143.457 -123.067 33.619
900 12.098 18.380 10.969 6.670 -143.425 -120.521 29.265
1000 12.251 19.663 11.775 7.888 -145.541 -117.799 25.744
1100 12.375 20.837 12.546 9.119 -145.529 -115.025 22.852
1200 12.478 21918 13.283 10.362 -145.538 -112.252 20.443
1300 12.565 22,920 13.986 11.614 -145.567 -109.478 18.404
1400 12.638 23.854 14.658 12.874 -176.047 -106.235 16.583
1500 12.701 24.728 15301 14.141 -175.712 -101.261 14.753
1600 12.756 25.550 15916 15.414 -175.375 - 96.309 13.155
1700 12.804 26.325 16.505 16.692 -175.034 - 91378 11.747
1800 12.845 27.058 17.071 17.975 -174.693 - 86.467 10.498
1900 12.882 27.753 17.616 19.261 -174.351 - 81.574 9.383
2000 12915 28.415 18.139 20.551 -174.008 - 76.699 8.381
2100 12.945 29.046 18.644 21.844 -173.665 - 71.844 7.477
2200 12.971 29.648 19.130 23.140 -173.321 - 67.004 6.656
2300 12.994 30.225 19.600 24.438 -172979 - 62.178 5.908
2400 13.016 30.779 20,054 25.739 -172.636 - 57.368 5.224
2500 13.035 31.311 20.494 27.041 -172.295 - 52.572 4.596
2600 13.052 31.822 20.920 28.346 -171.955 - 47.790 4.017
2700 13.068 32.315 21.333 29.652 -171.616 -43.018 3.482
2800 13.082 32.791 21.734 30.959 -171.280 - 38.264 2.986
2900 13.095 33.250 22,123 32.268 -170.945 - 33.518 0.526
3000 13.107 33.694 22.501 33.578 -170.613 - 28.785 2.097

(FJANAF Themmodynamic: Tables, Interim Table Issued December 31,1960)

inum oxide, decompose to vield a mixture of other
oxide molecules. Typical of the decomposition re-
action is the following general reaction ?

M0, (1) =zM(g) Ty/20.(9)  (853)

where M represents a metal element. Since the
reactions are reversible, the degree of decomposi-
tion will depend on the oxygen partial pressure as
well as the temperature. At the high temperatures
produced by pyrotechnic reactions, many other
equilibria, such as the dissociations of gaseous
products, relatively unimportant at lower tempera-
tures, must be considered.

32.3.1 Chemical Equilibrium
According to the law of mass action as stated
by C. M. Guldberg and P. Waage,? the rate of a
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chemical reaction is directly proportional to the
""active masses’’ of the reacting materials. For
any chemical reaction :

ed +bB+ .. . =gG -+ Hh...

where the capital letter indicates a chemical species
and the small letter indicates the number of moles
of each species.

An equilibrium constant for this reaction, desig-
nated K, can be written in terms of concentrations:

k(f)y  le) {H)*

By — A me G0

where the open brackets [ ] indicate a concentra-
tion term, % (f) is the specific rate constant for the
forward reaction, %k (r) is the specific rate constant
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TABLE 3-3
THERMODYNAMIC PROPERTIES OF SOLID ALUMINUM OXIDE
Aluminum Oxide (alpha Al:0s) (Crystal) Mol. Wt.= 101.960

_ — ——cal. mole-' deg.!
T,°K. 3 800 E T /T
0 .000 .000 INFINITE
100 3.069 1.024 24.184
200 12.223 5.946 13.711
208 18.889 12.174 12.174
300 18.979 12.291 12.174
400 22.986 18.339 12,972
500 25.345 23.752 14.598
600 26.889 28.517 16.529
700 27.969 32.749 18.549
800 28.758 36.537 20.565
900 29.354 39.961 22.533
1000 29.814 43.078 24.434
1100 30.176 45938 26.261
1200 30.464 48.574 28.012
1300 30.995 51.032 29.689
1400 31.290 53.339 31.297
1500 31.620 55.509 32.839
1600 31.920 57.559 34.321
1700 32.220 59.503 35.745
1800 32.490 61.353 37.117
1900 32.760 63.116 38.439
2000 33.000 64.803 39.716
2100 33.220 66.419 40,949
2200 33.450 67.969 42.142
2300 33.670 69.461 43.298
2400 33.880 70.898 44.418
2500 34.100 72.286 45,505
2600 34.310 73.627 46.561
270 34.520 74.926 47.588
2800 34.735 76.186 48.587
2900 34.940 77.408 49.560
3000 35.140 78.596 50.508
3100 35.340 79.751 51.433
3200 35.530 80.876 52.335
3300 35.720 81.973 53.217
3400 35.906 83.042 54.078
3500 36.095 54.085 54921

kcal, zgole“kA._

H-H s AR AF% Log K,
- 2.3% -397.494 -397.494 INFINITE
- 2316 -398.697 -392.241 857.201
- 1.553 -399.838 -385.329 421.047
.000 -400.400 -378.078 277.125
.0356 -400.406 -377.940 275316
2.147 —-400.555 -370.418 202.378
4.577 -400.475 -362.891 158.612
7.193 -400.304 -365.389 129.444
9.940 -400.098 -347.920 108.620
12.778 -399.889 -340.481 93.011
15.685 -399.697 -333.066 80.875
18.644 -404.522 -325.301 71.091
21.644 ~-404.181 -317.396 63.058
24.674 -403.823 -309.522 56.369
27.745 -403.437 -301.680 50.715
30.859 -403.019 -293.868 45.873
34.004 -402.581 -286.086 41.681
37.181 -402.119 -278.334 38.017
40.388 -401.635 -270.612 34.788
43.624 -401.133 -262.920 31.921
46.886 -400.613 -255.2564 29.359
50.175 -400.075 -247.619 27.057
53.486 -399.521 -240.011 24.977
56.819 -398.956 -232.427 23.088
60.175 -398.374 -224.872 21.367
63.553 -397.779 -217.339 19.790
66.952 -397.172 -209.834 18.343
70.372 -396.550 -202.354 17.009
73.814 -395.915 -194.898 15.775
77.277 -536.375 -184.157 14.373
80.760 -535.307 -171.598 12,931
84.264 -534.227 -159.072 11.588
87.788 -533.132 -146.584 10.334
91.332 -532.028 -134.135 9.161
94.894 -530.908 -121.718 8.061
98.476 -529.777 -109.338 7.028
102.076 -528.634 -96.992 6.056

(JANAF Thermodynamic Tables, Interim Table Issued March 31. 1964)

for the reverse reaction, and K is the equilibrium
constant. The concentration can be expressed as
a partial pressure or as a mole fraction in addition
to the more common concentration units. For actual
systems, activities or fugacities should be used in-
stead of concentrations.5?

When more than one phase is present, as is true
for most pyrotechnic reactions, the equilibrium is
heterogenecous. Since the partial pressures of the
gas phases in equilibrium with the solid phases are
constant at a given temperature, they can be as-
sumed to be incorporated into the equilibrium con-

stant. The expression in terms of partial pressures
for the equilibrium constant, therefore, will i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>